Buckling of soft matter is ubiquitous in nature and has attracted increasing interest recently. This paper studies the retractile behaviors of a spherical shell perforated by sophisticated apertures, attributed to the buckling-induced large deformation. The buckling patterns observed in experiments were reproduced in computational modeling by imposing velocity-controlled loads and eigenmodeaffine geometric imperfection. It was found that the buckling behaviors were topologically sensitive with respect to the shape of dimple (aperture). The shell with rounded-square apertures had the maximal volume retraction ratio as well as the lowest energy consumption. An effective experimental procedure was established and the simulation results were validated in this study.
. Similar shape-invariant retraction of a ball-like structure can be achieved by devising a rigid network of struts connected with hinges, which is known as Hoberman Twist-O transforming sphere.
To avoid taking a complex configuration, researchers have recently developed a hinge-free spherical structure made of soft rubber with 24 evenly-distributed circular dimples on its external surface 3 . It was found that the thin ligaments separated by the dimples could be buckled and rotated when negative pressure was applied inside. Such a porous structure was termed as "buckliball", which can gradually shrink into a smaller ball-like structure at about half of its original size. This morphological insensitivity to the external load is attributed to the dimples which are completely filled by the collapsed ligaments during the retraction. Full discussions of this amazing phenomena can be found from literature 3 . Subsequently to Shim et al. ' s seminal work, the buckliball was extended to cylindrical coordinate system, in which a cylindrical shell is patterned with an array of voids. This new mechanism was referred as a "buckligami" because it can offer buckling-induced folding which was essentially akin to paper origami. Afterwards, Hecke et al. introduced the idea of controllable folding into the cubic lattice, forming nonperiodic structures with maximally auxetic yet isotropic properties 4 . It should be also noted that such buckling-induced failure can also be utilized to obtain extraordinarily strong load bearing capacity when flat sheets is folded in Ron Resch pattern 5 . Buckliball is the first morphable structure that enables the buckling-relevant failures to be customized for the sake of specific functionalities. It spans a much wider spectrum of designing foldable structures such as drug delivery 6 , photonic crystals with tunable lensing effects 7 , soft robots 8 , and micro fabrication 9 . But these potential applications call for immediate actions to achieve dramatic and isotropic contraction because a larger ratio of volume retraction generally indicates a better performance (e.g. allowing the drug capsule passing through narrower vessel and robot squeezing into tinier space). There has been Scientific RepoRts | 5:11309 | DOi: 10.1038/srep11309 considerable effort towards improving such a ratio. For instance, as a type of buckliball applications, 3D structures made of soft materials and composed of elliptical pores possess a larger volume retraction ratio 10 . It was also reported that the structure consisted of the self-repeating buckliballs could exhibit extraordinary negative Poisson's ratio if its volume retraction ratio becomes large enough 11 . The volume retraction is resulted from buckling and post-buckling of the ligaments and thus its ratio depends on the thickness and size of the shell [12] [13] [14] , the number of dimples and the properties of constituent material. Unfortunately, the association of the buckling performance with the dimple geometry has not been completely studied yet. Considering the fact that structural optimization 15, 16 , one of the most versatile and robust design methods mainly based on shape derivative and topological derivative [17] [18] [19] , has extensively illustrated the structural performance and material properties are highly affected by the shape and topology of their architectures 20 , it is pivotal to study the role of dimple shape. In this study, various dimple (becomes an aperture if no membrane is glued inside) shapes defined by Gielis' superformula were explored to seek for a larger volume retraction ratio. First, a computational model was created in a Finite Element Analysis (FEA) package (Abaqus) for buckling and post-buckling analysis by imposing a velocity field against the external shell surface. The performance of apertures in different shapes with the same surface area was investigated. Numerical tests demonstrate that both the linearly elastic (LE) and neo-Hookean (NH) material models are applicable for the constituent material of buckliball undergoing large but reversible deformation. Given that energy consumption exhibits a marked indicator to evaluate the efficiency of such a local folding mechanism, the densities of bending energy and stretching energy on the surface of buckliball were calculated in terms of LE model. It is finally identified that the buckliball with rounded-square apertures has the maximum volume retraction ratio. This spherical lattice structure was prototyped by using 3D printing technique and an experimental procedure was established to verify its buckling-induced retraction in this study.
Methods
The buckling and post-buckling behaviors of a buckliball that is made of soft thin-walled spherical shell perforated with complex shapes, present significant challenges in analytical studies. Numerical simulation is therefore considered an effective alternative to investigation into a sophisticate relationship between the aperture shape and corresponding buckling-induced deformation.
The geometry of buckliball. In terms of the Jitterbug-like transformations 3, 11 , only 6, 12, 24, 30 and 60 apertures are capable of producing desirable buckling patterns 21 . Following the previous studies, 24 apertures are considered in this study, which can be easily extended to the buckliballs featured with other number of apertures. The original architecture (Fig. 1a) consists of a spherical thin-walled shell perforated by identical solid cones with apexes at the center of a sphere (origin O). The inner and outer radii of the shell are r 1 = 22.5 mm and r 2 = 27.5 mm, respectively. By duplicating and reorienting the representative cone (red region in Fig. 1b ) with respect to origin O three times, a pattern of cone distribution shown as in Fig. 1c was produced. The angle between the axis of each cone and the line connecting origin O to point P (the center of a cross-like solid part highlighted in light green color in Fig. 1c ) is 30.36°. This pattern was duplicated six times to form 24 cones, which intersect with the shell to form the expected buckliball (Fig. 2a) . The numerical simulation. The simulation of buckling and post-buckling process of the buckliball was conducted in Abaqus, a commercial finite element analysis tool widely used for nonlinear large deformation analysis. The abovementioned shell structure was adaptively discretized by 4-node linear tetrahedron elements (C3D4) and each node has 6 degrees of freedom. Such a mesh allows the buckling and post-buckling are simulated accurately and efficiently 22 . We modeled the isotropic rubber material as Neo Hookean elasticity with C 10 = G/2 = 117,466 Pa and D 1 = 2/κ = 3.45 × 10 −7 Pa −1 (G and κ stand for shear modulus and bulk modulus, respectively), corresponding to Lamé constants λ c = 5.64 MPa and ν = 0.48. The coefficients in such a hyperelastic model were measured in experiment in the supplementary information. Although the non-linearly elastic rubber is generally modeled by NH model, numerical simulation summarized in the supplement, together with previous investigation 23 , shows the use of LE model only slightly perturbs the buckling performance.
In contrast to previous work in which a layer of membrane is glued on the inner surface to produce airtight buckliball so that negative pressure can be easily obtained via pumping out the encapsulated air in experiment 3 , a membrane-free structure that is closer to the anticipated applications was studied herein. In the numerical simulation an improved volume control method was utilized to function as negative pressure. Such an open structure also steers away from the intricate contact problems between the membrane and shell. In this method a radial displacement field was applied to the external surface which serves as stress perturbation for characterizing buckling mode. To avoid rigid body motion, a pin support was specified at the bottom of buckliball (point P in Fig. 2a ) while the leftmost, rightmost points and the vertex were supported by soft springs (Fig. 2a) . Due to the prescription of extremely low stiffness (K = 1 N/m) of the springs, the influence of these additional constraints on the mechanical responses is negligible. Noted that the number of springs is considered as insufficient (less than 3) or redundant (more than 3) as improper constraints could result in either unstable or over-constrained structures, respectively. The nonlinearity of large deformation was solved by an implicit procedure in finite element analysis.
In addition to material imperfection, the commonly adopted approach in buckling analysis is geometric imperfection, whose form and amplitude have to be specified based on certain assumptions or prior knowledge 24 . Since the most rational imperfection 25 statistically relies on a clunky collection of surveys on the prototyped buckliball, the initial geometric imperfections are often assumed to be one of the most influential eigenmode shapes 26 . It was found that if the imperfection vector aligns with the direction of the post-buckling path, the buckling load of the system would reach its global minimum 27 . Of these 20 eigenmode-affine shapes obtained from the calculation based on Lanczos algorithm 28 , it was found that only the one characterized with the second minimum eigenvalue λ = 4.644 × 10 −4 is capable of producing the expected buckling pattern shown as in Fig. 2b (the red/blue colour represents large/small tangent deformation due to isotropic radial displacement imposed on the external surface).
The amplitude of geometric imperfection α has a significant effect on the buckling process as it substantially alters the shape of initial aperture and results in eccentricity 29 . In the previous studies 3 , Shim et al. concluded that the magnitude should be evaluated in accordance with the shell thickness. For the shell thickness t = 5 mm, the buckling of this spherical structure is robust and stable as long as α ≤ 0.1t. To conduct the numerical simulations of the buckling patterns of the buckliballs, weights of α = 0.01t, α = 0.05t and α = 0.1t were most often adopted to trigger the proper buckling 3 . To explore the effect of this amplitude, we also tested some smaller values such as α = 0.008t and α = 0.005t. However, we found an imperfection smaller than α = 0.01t could not trigger a desired buckling pattern. Consequently, α = 0.01t was considered to be the smallest value to ensure the occurrence of buckling. These buckliballs with geometrical imperfection are illustrated in Fig. 3a -c and one of their apertures encircled by the red dashed curve is correspondingly zoomed in Fig. 3d-f . The dark solid lines in Fig. 3d -f represent the boundaries without geometrical imperfection and the black arrows indicate the deformation tendency for the aperture edges.
In the improved volume control method, a velocity field is imposed on the external shell surface to replace the displacement-based stimulus. The relationship of velocity field V with time τ is given as:
where T denotes the end time at which the apertures begin to self-contact. The integration of Eq. (1) from τ = 0 to T equals to the retraction distance of the external surface in the radial direction. Such a velocity definition guarantees nearly zero acceleration at the beginning and the end of the simulation 30 . To accommodate the velocity of deformation in simulation, the finite element model should have a minimum element size (L e ) of 0.4 mm, the undamped elastic wave speed can be defined as
, which is about 24.77 m/s. Noted the Young's modulus and density are represented as E and density ρ, respectively. The estimated stability limit (Δτ stable = L e /C d ) is about 1.6 × 10 −5 s. To ensure quasi-static conditions, the minimum time increment should not exceed the stability limit during the whole simulation 31 . As a result, such a velocity-controlled method enabled us to keep the kinetic energy negligible compared with the strain energy and therefore dramatic retraction caused by a large acceleration can be avoided.
The snapshots of the buckling process in Fig. 4 clearly show that the volumetric changes are entirely yielded by the distortion and rotation of the apertures. In the beginning, the structure exhibits a uniform shrinkage. All apertures remain circular shapes in this stage (Fig. 4a) . Afterwards, the apertures deform to ellipses (Fig. 4b) and subsequently, they are transformed into peanut-like shapes, where their central part gradually becomes narrower and narrower until coming into contact (Fig. 4c-f ). In these deformation stages, the apertures experience severe distortions as they rotate dramatically. Finally the apertures gradually close (Fig. 4g,h ) and the structure turns into a nearly seamless sphere (Fig. 4i) .
Without considering the thin layer of membrane, the void volume fraction (the volume ratio between the inner cavity and the external sphere with radius r 2 = 27.5) is ѱ = 0.59. Considering the fact that the buckliball approximately retains a spherical shape in the whole buckling process, the ratio of volume retraction V r is derived as
where R 1 = 13.27 mm is the obtained inner radius of the buckled shell. According to Eq. (2), the maximal attainable volume retraction ratio should be V max = 59.23%. It is interesting to note that in the previous . From this perspective, more work is in demand to approach to the theoretical limit.
To produce larger retraction ratio, the base surface of the cones is not a circle but the shape determined by Gielis' superformula 32 in the geometrical modelling. In 2D, the radial function of Gielis' shapes is given as:
where − π ≤ θ ≤ π is used to locate the points on the shape by x = r(θ)cos(θ) and y = r(θ)sin(θ) in a cylindrical coordinate system. The number of rotational symmetries (vertices) of the Gielis' shape is determined by parameter m and the size of shape is affected by a and b. These size factors were not in use herein as the apertures, regardless of shape, should have the same area as the original circle for the sake of comparisons of equality. To achieve such an equivalent matching, the size of shape was firstly estimated and then enlarged or reduced to achieve the same area as the original one. A variety of shapes can be produced by varying m, n 1 , n 2 and n 3 as shown in Fig. 5a . It is noted that in addition to common shapes such as the conventional square, circular and regular hexagon, complex geometries can also be generated. Because complex shapes would be difficult to manufacture, only polygon-like (e.g. square, hexagon and octagon) shapes were explored in this study.
Results
The study on volume retraction ratio. Figure 6 summarizes the aperture shape (2 nd column), imperfection mode (3 rd column) and final deformed shape (4 th column) for three types of buckliball perforated by different cones. In the 3 rd column, the green part indicates high stress area while blue for low stress area. The volume retraction ratio is given in the 5 th column. By superimposing eigenmode shape (3 rd column) weighted by α = 0.01t onto the initial structure, expected buckling mode can be produced accordingly.
Being a prior pattern for buckliball 33 , square apertures naturally form a Jitterbug-like polyhedron comprised of 20 squares and 8 triangles and constitute an interesting patterned shell (Fig. 5b) . The movements of its nodes are schematically illustrated by the red arrows in Fig. 5b when this structure is compressed radially. As a result, the light green triangles and pink squares rotate counter-clockwisely while the blue squares rotate clockwisely. Theoretically, such a device can transform into a smaller polyhedron on which the initial white trapezoids eventually disappear 21 (Fig. 5c ). However, a buckliball derived from this model leads to singularity in numerical simulation due to the existence of single-point joints (the nodes in Fig. 5b) . The rounded corners of square-like apertures produced by Gielis' superformula (named Buckliball-B to distinguish from the original Buckliball-A with circular apertures in Fig. 4a ) could avoid such unfavorable joints and this newly-developed buckliball (the structure in the first row and the second column in Fig. 6 ) largely preserves the same deformation patterns as the ideal Jitterbug-like polyhedron does. As a result, the volume retraction ratio is evidently improved from V r = 45.80% to V r = 49.72%, increasing by 8.56%. In the simulation, this model was discretized into 760,000 finite elements and it took about 12 hours on a workstation with 10-core 3.10 GHz processing units to solve. As in Fig. 6 , the buckliballs with the apertures of the hexagon-like (Buckliball-C) and octagon-like shapes (Buckliball-D) were also investigated and the corresponding volume retraction ratios are V r = 48.75% and V r = 43.53%, respectively. The difference in volume retraction ratios of these buckliballs is partially attributed to the distance L between the aperture center C and the point on the aperture edges at which the largest deformation takes place. From the 4 th column in Fig. 6 , it is seen that the maximal deformation occurs at the vertices of Buckliball-B and Buckliball-C's apertures. But for the aperture of Buckliball-D's, the middle points of one pair of the opposite edges generate maximal deformation. The distance is L = 9.45 mm, L = 9.35 mm and L = 8.00 mm for Buckliball-B, C, and D, respectively. For Buckliball-A, the distance is equal to the radius of circle with 8.46 mm. According to the moving tendency (illustrated by the black arrows in Fig. 5d ) of the points for the maximal deformation, larger L allows the apertures to be more inhomogeneously distorted and more completely closed. Therefore, the Buckliballs-B and C in Fig. 6 have distinctly larger volume retraction ratios than the Buckliball-A. The 3 rd row of Buckliball-D has the minimal volume retraction ratio simply because it has the shortest distance L = 8.00 mm. A sensible explanation in accordance with the abovementioned comparison is that the edges of apertures in some shapes are more likely to be self-contacted, prematurely terminating the retraction process before the apertures are completely closed.
Energy analysis. Energy consumption in the deformation process was long considered a significant factor to measure the deformability of thin shells. Here energy distribution on the external surface was explored using Kirchhoff-Love's theory based mechanics 34 , which bridges the buckling and post-buckling performance to volume retraction. If the shell thickness t is less than 10% of its radius, the energy consumed in the deformation process can be separated into stretching and bending energies, given as 35 : where ε ij denotes the strain tensor and k ij = K ij − K 0 ij represents the change of the curvature tensor. It is noted that the initial curvature tensor K 0 ij is related to the mean curvature K 0 ij = δ ij K 0 at a surface point where a local coordinate system is established in the tangent plane. δ ij is the Kronecker's delta. The symmetric curvature tensor K ij has two normal curvatures termed as k 11 and k 22 , and the two twist curvatures are identical as k 12 = k 21 . To meet the assumptions of Kirchhoff-Love's theory, the simulation was conducted by using LE-based material model, whose Young's modulus E and Poisson's ν are extracted from the coefficients in the NH model. In order to calculate the stretching energy E s and bending energy E b , a virtual shell, whose neutral surface is the external area of the buckliball was constructed. The thickness of the shell t = 0.45 mm is the average height of the elements on the most external layer of the shell. For this shell, the ratio of thickness to radius is less than 0.1 and therefore Eqs. (4-5) hold effective and should be applicable.
As shown in Fig. 7 , Buckliball-B takes 0.0334 J energy in the whole deformation process, evidently smaller than the energy consumption of Buckliball-A (0.1119 J), Buckliball-C (0.0525 J) and Buckliball-D (0.1572 J). Such an unusual behavior of energy consumption is in conflict with the common sense that large deformation (in terms of high V r ) usually consumes more energy. By observing the final appearance of the buckled structure for Buckliball-B and C, it can be seen that the stress is largely concentrated on the narrow joints, indicating that rest parts of the buckliball surface (e.g. the square and triangle patches on the surface of Buckliball-B) only move rigidly in radial direction and rotate in the tangent planes. In contrast, the corresponding regions of Buckliball-A and Buckliball-D suffer from substantially high stress and distortion (see the deformation in 3 rd row in Fig. 6 ). The energy consumed for deforming these parts makes no much contribution to the increase in volume retraction ratio and therefore is not considered effective. Figure 8 illustrates the strain energy, stretching energy and bending energy distributions on the external surface for the buckliballs given in Fig. 6 . The strain energies of these three buckliballs mainly consist of the stretching energy, as the stretching energy is found to be 1,000 times higher than the bending energy. In these energy contours, the red parts represent high energy density, while the blue parts stand for low energy density. For the stretching energy distribution shown in the 3 rd column in Fig. 8 , the energy mainly concentrates in the ligaments of Buckliball-B which undergo significant distortion, while the triangle and square patches consume a small amount of stretching energy. It means that the stretching energy has been efficiently utilized for triggering the buckling. For the Buckliball-C and D, the highest stretching energy also locates at the ligaments. However, it is only slightly higher than the energy in those square patches, which indicates that a large amount of energy is consumed for stretching those parts without much contribution to the desired buckling. The bending energy (4 th column in Fig. 8 ) is relatively low and uniform compared with the stretching energy, but it becomes high in the severely-deformed regions.
Experimental validation.
To experimentally validate the simulation results, the buckliball-B was fabricated using 3D printing technique. Because of the 64% elongation at break (the ratio of deformed length to initial length) and 0.44 MPa tensile strength, the rubber-like constituent material (FLX9840-DM) capable of withstanding large deformation in the buckling process was selected as the constituent material.
The Objet Connex350, a 3D multi-material printing system, was used to prototype the buckliball model as it allows a realistic model to be produced with acceptable accuracy in both geometric dimension and mechanical properties 36 . The process began with slicing the model into a series of closely spaced horizontal planes for the subsequent layer-by-layer printing process. To support the constituent material in printing semi-finished regions of the model which were temporally unstable, the supporting material (FullCure 705) was printed to fill the void space. It took about two hours to produce a cubic into which the buckliball was embedded. Later, the supporting material was melted into water and the sample was sculptured as anticipated. To trigger buckling more easily and obtain desirable buckling pattern, the size of prototyped sample was magnified by 1.8 times with the thickness t = 9 ± 0.1 mm and outer radius r 2 = 49.5 ± 0.2 mm. The most intuitive and direct method of radially compressing the specimen was to impose negative pressure against a membrane that is tightly glued on the inner surface. However, such a loading procedure resulted in the crumple of membrane which would hinder the retraction of buckliball. To tackle this problem, a new experimental scheme as shown in Fig. 9a was established. In order to observe the deformation clearly, the prototyped sample was placed into a thin latex rubber container whose inner surface tightly wrapped the sample in the beginning. When water was poured into the container which was connected to a vacuum pump through a conduit, the buckliball expanded and restored its original shape. When the pump sucked water from the container, uniform pressure was generated on the external surface of the buckliball due to the shrinkage of the container. Consequently, the expected buckling pattern was achieved. To avoid tilting of the buckliball, the whole system was placed on a frictionless horizontal plate. In addition, the conduit was perpendicular to the outlet of the container as shown in Fig. 9a . To be consistent with the velocity used in numerical simulation, the radial shrinkage of the container was attentively controlled by the pump at a constant speed of 12.4 mm/min, equivalent to decrease in the ratio of the outer radius of the shell to its original size at a rate of 0.209% per second. The whole deformation process was taken about 2 minutes and recorded from the front of shell. (The video is provided online) In order to account for experimental errors, the test was repeated three times by infilling and sucking the water.
It is interesting to make a comparison between physical test and numerical simulation in view of the fact that the elusive buckling behaviors are hardly to be predicted precisely. In Fig. 9b , the top snapshots were captured from the experiment at several successive timestamps, while the bottom images were obtained from simulation at the stages in which the buckliball retracted to similar volume retraction ratios to the experimental counterparts. This comparison illustrates that the numerical simulation largely agree with the physical test. The color contours plotted in the bottom of Fig. 9b represent the strain energy distribution, which shows that the stretching side of ligament undergoes higher strain energy than the bending side.
Additionally, to further quantify the difference between the simulation and the test, the deformed experimental configurations taken by camera were imported into AutoCAD and analyzed by digital image processing technique. With this method, the movements of the opposite corners approaching to each other during the test (marked as the red points in Fig. 9b ) could be tracked. The schematic definition of the distance D = 2L between the red points was estimated by measuring its projected length; while the diameter of the shell was estimated by measuring its projected area. Thereafter, the quantitative variations of D during the processes of experimental test and numerical simulation were compared in Fig. 10 , in which the error bars represent the standard deviation of D in the experiment. It is seen that in terms of the value of D, two sets of data denoted by red and dark curves are quite close and the maximum difference is merely 5.88%. Fig. 10 also reveals the diameter D decreases almost linearly from 18.57 mm to 2.38 mm when the volume retraction ratio increases from 0 to nearly 50%.
Discussion
In this work we have studied how to simulate the buckling-induced retraction for soft buckliballs featured with different apertures on their spherical shell. In order to avoid dramatic retraction rate and maintain the quasi-static conditions, a velocity-controlled loading approach characterized with nearly zero acceleration during the simulation was developed to replace previous pressure-controlled method. It was found that the most desirable buckling mode used as geometric imperfection was the eigenmode shape corresponding to the second eigenvalue. This imperfection aligns with the direction of the post-buckling path, which helps the buckling load reach its global minimum.
This study investigated what kind of aperture shape defined by Gielis' superformula could generate a higher volume retraction ratio for the buckliball. We found the rounded square aperture allows this ratio approaches to 49.72%, which is 8.56% larger than that of buckliball perforated by circular apertures. Further studies are expected to seek the maximum volume retraction ratio and/or minimum energy consumption for the given materials and weight. This work concluded that the difference in volume retraction ratio highly relies on the distance between the aperture center and the points on their edges. Generally, a longer distance allows the apertures to be more inhomogeneously distorted and more completely closed in the end. Based on the analysis of energy consumption in the deformation process, we noted that the stress of buckliball offering maximal volume retraction ratio mainly concentrates in the joints, leading to radial rigid motion and tangential rotation for the patches connected by the joints. It was shown that the stretching energy dominates the buckling process as it is 1,000 times higher than the bending energy. In terms of the comparison of simulation results, it is believed that both the NH and LE material constitutive rules are applicable for modeling the reversible large deformation for the buckliball. The buckliball with the maximal volume retraction ratio was fabricated using 3D printing technique and we developed an effective experimental scheme to validate the numerical simulation.
Overall this study established a fundamental framework to simulate, design and validate the buckling and post-buckling behaviours for a soft shell-like structure. The parametric and shape controls allow to obtaining buckling mode on demand, thereby tailoring the structure for desirable deformation and energy absorption. The improved volume retraction ratio for the buckliball will benefit to the potential applications involving drug delivery systems, arterial stents, deployable structures and soft robots.
